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Abstract 
The aim of this paper is to study the scale-up effects on agglomeration mechanisms during the precipitation of 
actinide and lanthanide oxalate in continuous MSMPR (Mixed Solution Mixed Product Removal) crystallizers in 
order to determine extrapolation rules from the laboratory scale to pilot and industrial scales. Precipitation 
experiments are performed in three identical steady-state continuous precipitators with a 20 scale-up factor. 
Under the same chemical and hydrodynamic conditions, the agglomeration kernel of neodymium oxalate 
obtained at small scale is valid on larger one. The results of this study allow to scale-up with success the data 
obtained at laboratory-scale to pilot even industrial scale.  
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1. Introduction 
Due to obvious reasons of radioactive material consumption and nuclear waste production, processes of 
nuclear industry are studied at small-scale. However, scale-up is well-known to have potential impacts on 
phenomena, especially in precipitation processes. The aim of this paper is to study the scale-up effects on 
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agglomeration mechanisms during the precipitation of actinide oxalates in continuous MSMPR (Mixed Solution 
Mixed Product Removal) crystallizers in order to determine extrapolation rules from the laboratory scale to pilot 
and industrial scales. Oxalic precipitation is usually applied in nuclear industry to process radioactive wastes and 
recover actinides. Their behavior can be simulated using lanthanides which allow to carry out a large number of 
experiments in harmless conditions. This work focuses on the neodymium oxalate precipitation according to 
Equation (1): 
323422
OH
42233 HNO6OH10,)OC(NdOCH3)NO(Nd2 2  o  (1) 
 
Nomenclature 
b width of the baffles, m 
CNd,0 initial concentration of neodymium nitrate in the reactor after mixing, mol.m-3 
COx,0 initial concentration of oxalic acid in the reactor after mixing, mol.m-3 
D stirrer diameter, m 
G crystal growth rate, m.s-1 
h position of the stirrer from the bottom of the precipitator, m  
H height of liquid in the precipitator, m 
L4,3 mean volume diameter of agglomerates, m 
mk kth moment of the agglomerate size distribution, mk 
m’k kth moment of the elementary particles size distribution, mk 
MS molar mass of the solid, kg.mol-1 
N stirring rate, rpm 
n(L) agglomerate population density, m-6 
NP power number of the stirrer (1.5 for a four 45° pitched blade turbine), - 
Rn nucleation rate, m-3.s-1 
T diameter of the precipitator, m 
V volume of the suspension, m3 
X, Y quantities in Equation (6), mk-3 and mk.s-1 
ȕagg(L,Ȝ) agglomeration kernel, m3.s-1 
J  mean shear rate, s-1 
H  mean energy dissipation, W.kg-1 or m2.s-3 
Ȟ kinematic viscosity, m2.s-1 
ȡS density of the solid, kg.m-3 
Ĳ mean residence time, s 
ĭV volume shape factor, - 
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2. Theory 
2.1. Agglomeration kernel 
The modelling of a precipitation process taking into account simultaneously nucleation, crystal growth and 
agglomeration phenomena, is based on the resolution of the particles population balance. SEM (Scanning 
Electron Microscopy) observations of lanthanide and actinide oxalates point out the formation of loose 
agglomerates (see. Fig. 1). In such a case, during precipitation, the solution is in contact with all elementary 
particles which make up the agglomerates, so that they can grow in the same way as single crystals in the 
suspension. This result made us develop an original method of moments, to solve the population balance, which 
distinguishes the behaviors of elementary particles from the agglomerates one. This method, detailed in a 
previous study [1], leads to the establishment of an equation linking the agglomeration kernel ȕagg(L,Ȝ)  to the 
moments of the experimental particle size distribution mk and the elementary particles moments m’k:  
 
       ³ ³ »
¼
º
«
¬
ª
 
ff
0 0
agg
k3/k33kk dLdnLn,LLL
2
1'mm OOOEO
WW
 (2) 
 knk GR!k
'm W
W
  (3) 
 
The kernel ȕagg(L,Ȝ) quantifies the number of collisions between particles and their efficiency in creating an 
agglomerate: this function of the particles sizes has to be determined by fitting the experimental agglomerate 
moments using the primary nucleation and crystal growth kinetics of neodymium oxalate [1] that have been 
previously determined by an experimental study based on the method described in [2] over a wide range of 
concentration and temperature values. Thermodynamic effects are taken into account through activity 
coefficients, which are calculated using the model proposed by Bromley for concentrated multicomponent 
solutions [3]. This model has been applied to ternary mixtures of neodymium Nd(NO3)3/HNO3/H2O and gives 
satisfactory predictions of neodymium activity coefficients [4]. 
2.2. Scale-up rules 
The scale-up of agitation and mixing operations is usually performed according to geometric similarity rules 
which dictate the following dimensions (see Fig. 1): 
x the type and geometry of the stirrer, 
x the ratio D/T, 
x the shape of the tank and the height of liquid (H), 
x intern elements such as baffles, 
x the relative position of the stirrer from the bottom of the tank (h/T). 
The last parameter that must be adjusted is then the rotation speed of the stirrer N which is determined from 
some invariant quantities such as the agitation speed or the Reynolds number. In the literature, the shear rate, 
presented in Equation (4), is well-known to have great impacts on the collision of particles and is one of the key 
parameters of theoretical agglomeration kernels [5]:  
Q
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Fig. 1. a) Experimental MSMPR precipitators. From left to right: 0.05L, 0.2 L and 1 L -  
b) SEM observation of neodymium oxalate agglomerates 
Hollander et al. [6] carried out simulations in precipitators of different volumes equipped with the same stirrer 
as ours (see section 3) and concluded that the behaviors of the reactors were similar only when the mean shear 
rate was conserved. Therefore, in the present study, stirring speeds are adjusted so as to conserve the mean shear 
rate between experiments. According to Equations (3) and (4), this is equivalent to keeping the product (N3D5/V) 
constant. 
3. Experimental section 
Precipitation experiments are performed in three identical steady-state continuous MSMPR precipitators with 
a 20 scale-up factor (volumes are 0.05 L, 0.2 L and 1 L respectively). These reactors are equipped with a heating 
jacket and four stainless steel baffles (see Fig.1). The suspensions are perfectly mixed using a four 45° pitched 
blade turbine. Equipment sizes are linked to the reactors one through the following ratios: H = T, D = T/3, h = T / 
3, b = T /10. Experiments are carried out at 20°C in identical chemical conditions, for two different shear rates. 
Operating conditions are detailed in Table 1. Precipitation experiments are performed by feeding continuously 
the precipitators with a neodymium nitrate solution and an oxalic acid solution in stoechiometric conditions 
according to Equation (1). Once steady-state is reached (after approximately 10 residence times), samples are 
collected at the outlet of the reactors for analysis in a Malvern Mastersizer laser granulometer and microscopic 
observations 
. 
Table 1. Operating conditions and parameters obtained in the three reactors during the precipitation experiments 
   J  = 358 s-1  J  = 1024 s-1 
V L  0.05 0.2 1  0.05 0.2 1 
CNd,0 mol.m-3  144 145 137  144 142  
COx,0 mol.m-3  214 220 210  212 214 Not 
Ĳ s  71 70 74  70 67 tested 
L4,3 μm  67 59 69  42 41  
log ȕagg -  -13.7±0.1 -13.9±0.1 -13.8±0.1  -13.9±0.1 -14.1±0.1  
4. Results and discussion 
Among the different expressions of the agglomeration kernel proposed in the literature, the constant kernel, 
independent from the particle size, was found to give the best fit of our experimental moments. In this case, 
Equation (2) can be written according to Equation (6). 
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where the terms Y(k) and X(k) can be calculated from experimental data for k {0,1,2,4,5,6} according to the 
procedure described in [1]. 
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Fig. 2. Equation (6) and experimental data for the a) 0.05 L and the b) 1 L precipitators for J = 358 s-1. 
Agglomeration kernels ȕagg are obtained from Equations (6) to (8) for the three different precipitators. The 
statistical treatment of five experiments under the same operating conditions in the 0.2 L reactor gives the relative 
error in the determination of ȕagg of the order of 30%. A very good agreement is obtained between experimental 
data and Equation (6) for the three reactors illustrating that the hypothesis of a constant kernel is adapted to all 
sizes (see Fig. 2). Table 1 presents the major results obtained during the precipitation experiments and points out 
that under the same operating conditions the agglomeration kernel remains constant between the studied volumes 
(in the interval of the experimental error). In addition, particle size distributions, which are compared in Fig. 3, 
are virtually superimposable which supposes that agglomeration mechanisms are not impacted by a change in the 
reactor size, in the studied range of volume. Thus, under the same chemical and hydrodynamic conditions, the 
agglomeration kernel of neodymium oxalate obtained at small scale is valid on larger ones. This result is very 
important especially in the nuclear environment where the number of experiments must be limited.  In such 
conditions, many experiments can then be carried out at small scale (50mL) to get kinetic and thermodynamic 
data, or to get information on precipitation mechanisms, while limiting waste production and radioactive material 
consumption (less than 500 mL of reactive solutions per experiment).  
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Fig. 3. Experimental  particle size distributions. a) J = 358 s-1; b) J = 1024 s-1 
5. Conclusion 
Agglomeration during the precipitation of neodymium oxalate can be very well characterised by a constant 
kernel. In addition, under the same chemical and hydrodynamic conditions in stirred tank reactors, the 
agglomeration kernel value of neodymium oxalate obtained at small scale is valid on larger one. We think that 
this conclusion can be applied to actinide oxalates. Using neodymium oxalate to simulate lanthanide and actinide 
oxalates precipitation, a very large number of experiments can be carried out under harmless conditions in order 
to obtain valuable data for the optimization of precipitation processes in the nuclear industry. Especially, the 
results of this study allow to scale-up with success the data obtained at laboratory-scale to pilot even industrial 
scale, knowing that, due to criticality reasons, the volumes of nuclear precipitators are limited. Thanks to these 
results, the study of agglomeration phenomena during oxalic precipitation of actinides can be carried out in a 
very small precipitator (50 mL) to study precipitation mechanisms and to determine kinetic laws valid for the 
operating conditions of the industrial precipitator.  
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